Epac1 is a cAMP-regulated guanine nucleotide exchange factor for the small G protein Rap. Upon cAMP binding, Epac1 undergoes a conformational change that results in its release from autoinhibition. In addition, cAMP induces the translocation of Epac1 from the cytosol to the plasma membrane. This relocalization of Epac1 is required for efficient activation of plasma membrane-located Rap and for cAMPinduced cell adhesion. This translocation requires the Dishevelled, Egl-10, Pleckstrin (DEP) domain, but the molecular entity that serves as the plasma membrane anchor and the possible mechanism of regulated binding remains elusive. Here we show that Epac1 binds directly to phosphatidic acid. Similar to the cAMP-induced Epac1 translocation, this binding is regulated by cAMP and requires the DEP domain. Furthermore, depletion of phosphatidic acid by inhibition of phospholipase D1 prevents cAMP-induced translocation of Epac1 as well as the subsequent activation of Rap at the plasma membrane. Finally, mutation of a single basic residue within a polybasic stretch of the DEP domain, which abolishes translocation, also prevents binding to phosphatidic acid. From these results we conclude that cAMP induces a conformational change in Epac1 that enables DEP domain-mediated binding to phosphatidic acid, resulting in the tethering of Epac1 at the plasma membrane and subsequent activation of Rap.
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lipid anchor | membrane translocation | small GTPases E pac1 and Epac2 are cAMP responsive guanine nucleotide exchange factors (GEFs) for the small G protein Rap and are involved in the spatiotemporal regulation of a variety of processes, among others endothelial cell-cell junction modulation, myocardial contraction, and insulin secretion (1) . Epac1 and Epac2 are multidomain proteins, comprising an N-terminal regulatory region and a C-terminal catalytic region. The regulatory region contains one (Epac1) or two (Epac2) cAMP-binding domains and a Dishevelled, Egl-10, Pleckstrin (DEP) domain, whereas the catalytic region harbors a CDC25-homology domain for GEF activity, a REM (Ras exchange motif), and a putative RA (Ras association) domain. In the absence of cAMP, Epac adopts an autoinhibitory conformation in which the regulatory region occludes the binding site for Rap, which is relieved upon cAMP binding (2, 3) . In addition to activating Epac1, cAMP also induces its translocation to the plasma membrane (PM). This diffusion-driven translocation requires the DEP domain of Epac1 and functions only in the context of the full-length protein, suggesting that a binding site for a PM anchor is provided in its open conformation (4) . Both activation and translocation of Epac1 are required for efficient cAMP-induced activation of Rap1 at the PM and for subsequent downstream responses, such as induction of cell adhesion (4) . Epac1 can also be recruited to a more clustered localization at the PM, independent of its DEP domain and cAMP binding, through an interaction with activated Ezrin, Radixin, Moesin (ERM) proteins. This translocation is regulated by ERM-activating stimuli, such as thrombin, and is mediated by the N-terminal 49-aa residues of Epac1 (5). Other membrane anchors for Epac1 within different cellular compartments have been identified (1); however, the PM anchor for the cAMP-induced, DEP domain-mediated localization is currently unclear.
The DEP domain is a 90-aa residue globular domain, first identified in Drosophila Dishevelled, Caenorhabditis elegans EGL-10, and mammalian Pleckstrin, and present in a number of mammalian protein families (6) (7) (8) (9) . Of these, the most extensively studied is the DEP domain of Dishevelled (Dvl), an adaptor protein in Wnt-induced signaling. This DEP domain contains a cluster of exposed basic residues that enables membrane recruitment through interactions with negatively charged phospholipids, such as phosphatidic acid (PA), required for both canonical and noncanonical Wnt signaling (10) (11) (12) (13) (14) . Additional protein interactions by the DEP domain of Dvl further modulate Wnt signaling, which includes its binding to the μ2 subunit of the AP2 clathrin complex to mediate internalization of the Frizzled receptor (15, 16) . Another DEP domain-containing family of proteins is the R7 family of regulators of G protein signaling (RGS). RGS proteins are GTPase-accelerating proteins that facilitate GTP hydrolysis of Gα subunits of heterotrimeric G proteins (reviewed in ref. 17) . RGS proteins form stable trimeric complexes in a DEP domain-dependent manner with the Gβ5 subunit and specific membrane anchor proteins, such as members of the syntaxin family of SNARE proteins, R7BP and R9AP (18) (19) (20) (21) (22) . Moreover, the DEP domain of R7-RGS proteins also enables direct interactions with G protein-coupled receptors (23, 24) . These studies point out a DEP domain-mediated selectivity for PM anchors and their involvement in multiple distinct molecular interactions controlling membrane recruitment.
The aim of this study was to identify the anchor at the PM for Epac1 and to elucidate the regulatory mechanism for its DEP domain-mediated translocation. We found that in the presence of cAMP, Epac1, but not Epac1 lacking its DEP domain, directly binds to PA. Importantly, this interaction is regulated by cAMP. Furthermore, cellular depletion of PA prevents cAMP-induced Epac1 translocation and subsequent Rap activation at the PM. Finally, we identified a positively charged residue within a polybasic region in the DEP domain of Epac1 that mediates binding to PA. Combined with a recent observation that cAMP increases solvent exposure of this region of the DEP domain (25) , we conclude that a cAMP-induced conformational change enables DEP domainmediated binding of Epac1 to PA at the PM.
Results cAMP Regulates the Direct Binding of Epac1 to PA. We have previously shown that cAMP induces the translocation of Epac1 to the PM, a process that requires the DEP domain of Epac1. This domain is present in a number of proteins and shown to bind to phospholipids (10, 26) . To investigate whether Epac1, in the To whom correspondence should be addressed. E-mail: j.l.bos@umcutrecht.nl.
presence of cAMP, binds to phospholipids, we carried out protein-lipid overlay assays. Nitrocellulose membranes onto which a variety of lipids were spotted were incubated with bacterially produced recombinant Epac1 in the presence of 8-pCPT-2'OMecAMP (also known as 007), a cAMP analog that selectively activates Epac. We observed binding of Epac1 to PA that was at least four times higher than the binding to other phospholipids ( Fig. 1 A and B) . Importantly, an Epac1 mutant lacking the DEP domain (ΔDEP-Epac1) did not bind to PA (Fig. 1 A and B) . A similar preference of Epac1 for binding to PA was observed using a liposome binding assay (Fig. 1C) . To further study the relative binding affinity of Epac1 to PA, we made use of membranes spotted with increasing concentrations of PA. Epac1 showed clear binding to less than 10 pmol PA, whereas ΔDEP-Epac1 did not show any binding even at the highest concentration of PA (Fig. 1D ). From these results we conclude that Epac1 binds selectively and directly to PA and that this interaction requires the DEP domain.
We next investigated whether cAMP is required for efficient binding of Epac1 to PA, because cAMP is also required for its PM translocation. To that end, recombinant Epac1 was incubated in the presence or absence of 007 with PA containing membranes. In the absence of 007, no binding of Epac1 to PA could be observed after 5 min of incubation, and only limited binding after prolonged incubation for 30 min. However, in the presence of 007 a clear binding was already observed within 5 min, which was further increased after 30 min of incubation (Fig. 1E ). These results indicate that cAMP binding increases the affinity of Epac1 for PA and implies that its translocation to the PM results from acquired affinity for PA in its open conformation.
PA Is Required for the cAMP-Induced Translocation of Epac1 to the PM. We next investigated whether PA is indeed required for cAMP-induced tethering of Epac1 to the PM. We therefore inhibited one of the PA-generating enzymes, phospholipase D (PLD), using the PLD inhibitor CAY10593. To monitor PA levels we used the PA-binding domain of the Spo20p protein (Spo20p PABD) linked to GFP. This PA sensor resides in the nucleus owing to a nuclear localization signal, unless it is trapped at the membrane by binding to PA ( Fig , to PA spotted at increasing amounts ranging from 1.56 to 100 pmol/spot onto nitrocellulose membrane. Nonlinear binding curves were fitted using GraphPad Prism software. (E) Quantification of the binding of Epac1 to PA, showing the mean binding with SD expressed as percentage normalized to control (blue blank) (n = 3). Lipid-containing membrane strips were incubated for the indicated time periods with recombinant Epac1 as in A, in the presence or absence of 007 (100 μM), and bound Epac1 was visualized using the Epac1 antibody 5D3. Statistical analysis was performed using a one-tailed Student's t test.
the presence of CAY10593, PM-bound GFP-Spo20p PABD was no longer observed, indicating that PA in the PM was successfully depleted ( Fig. 2A, Left) . Next we examined the translocation of YFP-Epac1 in the presence of this PLD inhibitor. CAY10593 completely abolished the translocation of YFPEpac1 upon stimulation with 007-AM [a more cell-permeable AM ester of 007 (28)] (Fig. 2A, Right) . To validate the role of PLD in PA formation in HEK293T cells and in Epac1 translocation, we depleted PLD1, the most abundant PLD in these cells (29) , using siRNAs. This resulted in loss of Spo20p PABD-GFP from the PM and in inhibition of the cAMP-induced translocation of Epac1 to the PM (Fig. 2B) .
To exclude that PA depletion from the PM had a more general overall effect on Epac1 translocation, we made use of our previous observation that thrombin receptor stimulation results in the translocation of Epac1 to the PM by a DEP domain-independent mechanism (5). Binding of Epac1 to activated ERM proteins requires the first N-terminal 49-aa residues of Epac1. In cells depleted of PA, thrombin receptor activating peptide (TRP) still induced Epac1 translocation to the PM (Fig. 2C) . Taken together, we conclude that PA is required for the cAMP-induced membrane translocation of Epac1.
PA Binding Is Needed for Epac1-Mediated Activation of Rap at the PM. We next investigated whether PA is also required for Epac1-mediated activation of Rap at the PM. To that end, we measured the PM recruitment of the YFP-tagged RalGDS Ras/Rapbinding domain (YFP-RalGDS RBD), which recognizes Rap only in its active state (30) , upon depletion of PA. We used total internal reflection fluorescence (TIRF) microscopy, which specifically excites fluorophores that are within ≈100 nm of the coverslip, to measure the concentration of fluorescent proteins at the basal cell surface. In control HEK293T cells, 007-AM stimulation resulted in accumulation of both CFP-Epac1 and YFPRalGDS RBD at the PM (Fig. 3A) . This was completely abolished when cells were depleted of PA by preincubation with CAY10593. Treatment of cells with TRP after 007-AM stimulation restored PM recruitment of both CFP-Epac1 and YFPRalGDS RBD (Fig. 3B) . From these results we conclude that PA is required for Epac1-mediated activation of Rap at the PM.
Arginine 82 Within a Polybasic Stretch in the DEP Domain Is Required for Binding to PA. The DEP domain of Epac1 contains a stretch of 17 residues that includes six basic side-chains (Fig. 4A) . Because PA binds to positively charged residues at membranes (31), the polybasic cluster in the DEP domain may provide the binding site for PA. One of the residues in this cluster, arginine 82 (R82), was previously found to be essential for cAMP-induced translocation and is in close proximity to a region that becomes more solvent exposed after cAMP binding (Fig. 4 A and B) (4, 25) . To de- termine whether the other positively charged side chains within the polybasic stretch of the DEP domain contribute to membrane targeting of Epac1, a series of mutants was analyzed. Some of the mutants displayed reduced response (R85A or R91A), but only the R82A showed a clear inhibition of translocation, as illustrated by both the lack of increased fluorescence at the PM and of response rate (Fig. 4B ). This indicates that the R82 is the most critical residue for cAMP-induced translocation of Epac1. We therefore tested whether the R82 residue is involved in PA binding, using the protein-lipid overlay assay. Indeed, mutation of arginine 82 to alanine (R82A) completely abolished binding of Epac1 to PA (Fig. 4C) , indicating that R82 is part of the binding site for PA.
Discussion
We have previously shown that cAMP binding activates Epac1 by releasing it from autoinhibition but also induces its translocation to the PM (2-4, 32, 33) . This translocation of Epac1 is required for efficient Rap1 activation and subsequent cell adhesion (4) . We now show that Epac1 can bind to PA in vitro in a DEP domain-dependent manner and that this interaction is regulated by cAMP. Depletion of PA by inhibition or depletion of PLD1 abolishes DEP domain-mediated, but not ERM-mediated, recruitment of Epac1. Furthermore, we illustrate that depletion of PA inhibits cAMP-induced activation of Rap at the PM, which can be restored by thrombin-induced tethering of Epac1 to active ERM proteins. Finally, we show that R82 within the DEP domain, which is required for cAMP-induced translocation, is also required for PA binding. Collectively, our results show that PA is the cAMP-regulated DEP domain anchor for Epac1 at the PM. The observation that cAMP facilitates the binding of PA to the DEP domain suggests that the PA binding site in the DEP domain may become exposed upon the conformational opening of Epac1; however, the crystal structure of Epac2 in its closed conformation indicates that the DEP domain is not sterically hindered by the catalytic region. Furthermore, DEP domainmediated PM anchoring is only observed in the context of the full protein and not with the individual regulatory region (containing the DEP domain and the cAMP-binding domain) or the isolated DEP domain (4) . Possibly, cAMP binding induces additional conformational changes to allow interactions of the DEP domain with PA. Importantly, deuterium exchange mass spectrometry revealed a change in solvent exposed areas in the DEP domain of Epac after cAMP binding, suggesting a cAMPinduced conformational change in the DEP domain (25) . Interestingly, the polybasic stretch containing R82 is partially overlapping with the region that became more solvent exposed after cAMP binding (Fig. 4A) . We therefore propose that cAMP induces a conformational change that induces inter-and intradomain conformational changes in Epac1 that results in activation of its guanine nucleotide exchange activity but also reorients the loop containing R82, thereby regulating the binding to PA at the PM. However, the presence of a cAMP-induced PA-binding site in the catalytic domain that cooperates with the binding site in the DEP domain is not excluded.
Although PA is distributed uniformally at the PM of most cells, it also contributes to compartmentalization of distinct cellular signaling events (34) . For instance, PA enables the correct localization of the RacGEF DOCK2 at the leading edge of neutrophils during chemotaxis (35) and recruits the RasGEF Sos to cell-free membranes but not to cell-cell contact areas (36) (37) (38) . Although not observed in the cell lines we have studied, it may imply that PA localizes Epac1 to restricted areas of the PM. In this respect, it is interesting to note that several additional membrane anchors for Epac1 have been described (1), indicating a complex spatial regulation of Epac1.
In summary, we show that the DEP domain of Epac1 binds to PA and that this binding is regulated by cAMP. Furthermore we show that PA is required for cAMP-induced translocation and Rap1 activation. This provides further insight into the mechanism of spatiotemporal control of Epac1 and, more generally, into the molecular mechanism of how DEP domains tether proteins to membranes. 
Materials and Methods
Reagents and DNA Constructs. 8-pCPT-2'-O-Me-cAMP (007) and 8-pCPT-2'-OMe-cAMP-AM (007-AM) were from Biolog Life Sciences; the PLD inhibitor CAY10593 was from Cayman Chemical, and TRP (SFLLRNPDKYEPF sequence) was a kind gift from Kees Jalink (The Netherlands Cancer Institute, Amsterdam, The Netherlands). The PLD1 antibody was from Sigma, the anti-HA antibody was from Covance, and the 5D3 anti-Epac1 antibody has been previously described (39) . ON-TARGET plus SMARTpool siRNAs directed against PLD1 (J-009413) and scrambled control siRNAs were from Thermo Scientific Dharmacon. The wild-type Epac1, ΔDEP-Epac1 (amino acids 50-148 deleted), and R82A Epac1 constructs have been described previously (4). Mutations were introduced by site-directed mutagenesis. Purification of recombinant Epac1 and ΔDEP-Epac1 was previously described (40) , YFPRalGDS RBD was kindly provided by Mark Philips (New York University School of Medicine, New York, NY), and GFP-Spo20p PABD was a kind gift from Nicolas Vitale (Institute of Cellular and Integrative Neurosciences, Strasbourg, France).
Cell Culture and Transfection. HEK293T cells were grown in DMEM supplemented with 10% FBS and antibiotics. Cells were transfected with expression plasmids using X-tremeGENE 9 transfection reagent (Roche) and with SMARTpool siRNA using HiPerfect (Qiagen), according to the manufacturer's protocol. For experiments using Epac1 isolated from HEK293T cells, cells were transfected with HA-Epac1 or HA-R82A Epac1 and then lysed in buffer containing 50 mM Tris·HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 2 mM MgCl 2 , and protease and phosphatase inhibitors. Lysates were then incubated overnight with protein G Sepharose beads and anti-HA antibody. After washing of the beads, the bound proteins were eluted with 3× HA pepetide (250 μg/mL) in BC300 buffer [20 mM Tris·HCl (pH 7.9), 20% glycerol, and 300 mM KCl], and protein recovery was determined by Western blotting. Equal amounts of Epac1 and R82A Epac1 were incubated with lipid strips in the presence of 007 (100 μM). Bound protein was detected using the 5D3 anti-Epac1 antibody and visualized by Odyssey Infrared Imaging (Li-Cor).
Liposome Assay. The liposome binding assay was performed as described previously (42) . In brief, liposomes containing phosphatidylcholine (PC) as the only phospholipid or 80% (mol) PC and in addition either 20% PA, phosphatidylethanolamine (PE), or phosphatidylinositol (PI) were made by mixing stock solutions of lipids with cholesterol in a molecular ration of 2.28:1. The chloroform/methanol solvent was evaporated using a flow of N2 with subsequent drying at room temperature in a speedvac (Savant SVC100H) for at least 90 min. Lipids were resuspended in 50-NT buffer [50 mM NaCl and 25 mM Tris·HCl (pH 7.4)] to a final concentration of 6.8 μmol/mL, and liposomes were generated by sonicating on ice using an ultrasonic probe (MSE Soniprep 150). Fifty microliters of the liposome suspension was incubated with 1 μg of recombinant His-Epac1 in 50-NT buffer for 90 min at 37°C in the presence of 100 μM 8-Br-cAMP. Sucrose [60% (wt/vol)] was mixed with the sample to a final concentration of 36.5%, and samples were overlayed with 500 μL 25% (wt/vol) sucrose in 50-NT buffer and subsequently with 100 μL 50-NT buffer. Subsequently samples were centrifuged in a TLA-55 rotor (Beckman) for 90 min at 136,000 × g at 4°C. After centrifugation, liposome-bound protein was collected in 300 μL from the top of the gradient, and unbound protein was collected in 300 μL from the pellet fraction. Collected proteins were analyzed by SDS/PAGE and Western blotting using the Epac1 5D3 antibody. 
